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Abstract: Spermatogenesis comprises highly complex differentiation processes. Nuclear envelope
(NE) proteins have been associated with these processes, including lamins, lamina-associated
polypeptide (LAP) 2 and the lamin B-receptor. LAP1 is an important NE protein whose function has
not been fully elucidated, but several binding partners allow predicting putative LAP1 functions.
To date, LAP1 had not been associated with spermatogenesis. In this study, LAP1 expression and
cellular/subcellular localization during spermatogenesis in human and mouse testes is established
for the first time. The fact that LAP1 is expressed during nuclear elongation in spermiogenesis and
is located at the spermatids’ centriolar pole is singularly important. LAP1 binds to members of the
protein phosphatase 1 (PP1) family. Similar localization of LAP1 and PP1γ2, a testis-specific PP1
isoform, suggests a shared function for both proteins during spermiogenesis. Furthermore, this study
suggests an involvement of LAP1 in manchette development and chromatin regulation possibly via
interaction with acetylated α-tubulin and lamins, respectively. Taken together, the present results
indicate that, by moving to the posterior pole in spermatids, LAP1 can contribute to the achievement
of non-random, sperm-specific chromatin distribution, as well as modulate cellular remodeling
during spermiogenesis. In addition, LAP1 seems to be associated with dynamic microtubule changes
related to manchette formation and flagella development.
Keywords: nuclear envelope; lamina-associated polypeptide 1; lamins; protein phosphatase 1;
manchette; spermatids
1. Introduction
Spermatogenesis is a highly complex and unique differentiation process, involving germ
cell proliferation and renewal, meiosis and spermiogenesis, under the regulation of Sertoli cells
in the seminiferous tubules, as well as Leydig and peritubular cells in the interstitium. During
spermatogenesis, undifferentiated diploid spermatogonia undergo intricate morphological and
biochemical transformations, leading to the formation of highly specialized cells, the haploid
spermatozoa [1]. The morphological changes that occur during spermiogenesis are particularly
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interesting. This process includes four crucial phases: Golgi, capping, acrosomal and maturation
(reviewed in [2]). Together, these highly heterogeneous phases enable the identification of specific
stages (designated I–XII) in the spermatogenic cycle of the seminiferous epithelium. The most prominent
morphologic nuclear changes in spermatids involve chromatin condensation. Firstly, chromosomes
become packed, tighter and stain more intensely during the acrosomal phase. Throughout the maturation
phase, the nucleus continues to condense, and the acrosome matures into a thin structure that covers
nearly all the nucleus. Lastly, the cytoplasm forms lobes that are ultimately excised as residual bodies
(reviewed in [2–4]). Based on particular cellular features found in each spermiogenic phase, which allow
differentiating between round, elongating and elongated mature spermatids, it is possible to assess
the spermatogenic stage displayed by a certain seminiferous tubule and identify germ cells from prior
stages of the differentiation process, such as spermatogonia and spermatocytes. Of note, although the
cycle of spermatogenesis in mouse testis (for more detailed information, see [2]) is easily analyzed by
immunohistochemical sectioning techniques, the spermatogenic stages in human testis (for more detailed
information, see [5]) are harder to identify due to their organization into more complex configurations.
The role of several nuclear envelope (NE) proteins has been investigated throughout
spermatogenesis. Specifically, lamins, lamina-associated polypeptide (LAP) 2, the lamin B-receptor
(LBR) and elements of the linker of nucleoskeleton and cytoskeleton (LINC) complex are amongst the
NE proteins with more prominent functional associations with the spermatogenic cycle [6–12]. LAP1
is an integral inner nuclear membrane (INM) protein, encoded by the TOR1AIP1 gene, that binds
directly to lamins and indirectly to chromosomes [13,14]. However, despite being one of the first LAPs
identified [13], the physiological functions of this ubiquitously-expressed NE protein remain poorly
understood. Nevertheless, LAP1 has been implicated in the regulation of the NE structure, cell cycle
progression, mitosis, NE localization of torsinA and regulation of its ATPase activity, as well as skeletal
muscle maintenance [14–16]. In our previous work, LAP1 was found in the mitotic spindle, mid-body
and centrosomes, indicating a strong functional association between LAP1 and these cell cycle-related
components. Specifically, LAP1 colocalizes with γ-tubulin in centrosomes at metaphase and anaphase
during mitosis. In addition, LAP1 depletion seems to be correlated with altered centrosome positioning
and a decrease in the number of mitotic cells [15]. LAP1 association with cell cycle progression is
particularly interesting as it shares functional elements with spermatogenesis, in particular with meiosis.
Through the study of LAP1 interacting proteins, it was possible to extrapolate biological functions
inherent to LAP1 itself [17]. For instance, an important LAP1 interactor is the major eukaryotic protein
phosphatase 1 (PP1) [18]. Regulation of PP1 cellular functions is determined by the formation of
complexes with different PP1 interacting proteins (PIPs), and LAP1 has been identified as a novel PIP,
specifically as a PP1-substrate [18,19]. In mammals, there are four PP1 isoforms: PP1α, PP1β/δ and
the splice variants PP1γ1 and PP1γ2 [20]. PP1γ2 is an important testis-specific and sperm-enriched
isoform associated with spermatogenesis and sperm motility [21,22]. PP1 isoform expression profiles
vary in mouse testis depending on the cell type, but its presence in human spermatogenesis has
never been demonstrated. In mouse, PP1γ1 and PP1α expressions are restricted to spermatogonia,
pachytene spermatocytes and somatic cells. Remarkably, PP1γ2 is the only isoform present in
secondary spermatocytes, round spermatids and elongating spermatids [23,24].
LAP1 also binds directly to structural protein components of the NE, the nuclear lamins [14].
The composition and properties of the nuclear lamina in spermatogenic cells differ significantly from
those of somatic cells in the same species [25,26]. For instance, the presence and distribution of A-type
lamins (lamins A and C) in mouse testis has been investigated, but the results are inconsistent. Overall,
lamin A/C has been described in Sertoli and Leydig cells [27], pachytene spermatocytes [28] and in the
perinuclear region of elongated spermatids [28,29]. Nonetheless, Shen and colleagues have shown that
the decreased expression of lamin A/C caused a significant increase in sperm head abnormalities [29].
In addition, a rodent meiosis-specific A-type lamin, the isoform C2, was found to regulate chromosome
dynamics and to promote efficient homologous recombination in mouse [30,31]. Conversely, B-type
lamins are generally expressed during the whole mouse spermatogenic cycle [27,28], but lamin B1 in
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particular has never been investigated in mouse spermatogenesis. Lamin B3, a testis-specific isoform,
is present in mouse spermiogenesis, concentrating at the posterior pole of elongating spermatids [32].
Nuclear lamin distribution in human spermatogenesis is still not clear. Machiels and colleagues
disclosed that, while both A- and B-type lamins were present in Sertoli, Leydig and peritubular
cells, only B-type lamins were expressed in spermatogonia, and A-type lamins were solely observed
in spermatocytes [33]. Alternatively, Elkhatib et al. confirmed the presence of A-type lamins only
in somatic cells. In addition, this group demonstrated that lamins B1, B2 and, probably, B3 are all
expressed in the nuclear periphery of human spermatids, accumulating at the posterior pole during
the maturation process [26]. Therefore, lamin B1 in particular was only associated with human
spermiogenesis. Overall, the cellular distribution of lamins A/C and B1 in the various stages of
spermatogenesis is not fully elucidated and should be clarified.
Given the association of LAP1 with cellular dynamics, such as cell cycle progression and mitosis,
and the fundamental role that NE proteins play in spermatogenesis, the present work investigates the
expression and cellular/subcellular localization of LAP1 in the spermatogenic cycle both in mouse
and human testes. Additionally, known functionally-associated LAP1 interactors were also analyzed,
namely PP1γ2, lamin A/C and lamin B1. Due to the functional association of LAP1 with mitotic
spindle organization during mitosis [15,34], the distribution of γ-tubulin, a marker of the centriolar
pole in spermatids [35], and also acetylated α-tubulin during spermatogenesis was likewise analyzed.
2. Results
2.1. LAP1 Expression and Localization in the Testis
Seminiferous tubules representative of all stages of spermatogenesis in mouse were examined
by immunohistochemistry (IHC), and differential LAP1 localization in the diverse stages as well as
distinct cell types was observed (Figure 1). The negative control did not show cellular LAP1 staining
(Figure 1a), validating the following results. First of all, a distinct LAP1 expression is found in the
NE of somatic cells (Figure 1b), specifically in peritubular (Figure 1g), Sertoli and Leydig (Figure 1h)
cells. Regarding germ cells, LAP1 staining is barely detected in the NE before meiotic cell divisions.
Contrastingly, in stages VI–VII (Figure 1c), LAP1 starts to concentrate in one half of the NE, being
less prominent in the cytoplasm of round spermatids. This staining pattern becomes progressively
more evident from stage VIII (Figure 1d) onwards, which is consistent with the beginning of cellular
elongation. In early stage IX (Figure 1e), the previously mentioned signs of LAP1 polarization at
one half of the NE are more accentuated. Later, in stage IX (Figure 1f), this polarization coincides
with nuclear reshaping and the shifting in directionality of round spermatids to the center of the
seminiferous tubule. Throughout this stage, the cytoplasm of elongating spermatids also extends
into the tubular lumen as spermiogenesis progresses, which occurs concomitantly with an increase in
cytoplasmic LAP1 staining in stage IX elongating spermatids (Figure 1e–f). During stage X (Figure 1g),
when dramatic nuclear reshaping into a needle-like structure begins, leading to progressive narrowing
of the nucleus, LAP1 is still highly distributed in one half of the NE, and its cytoplasmic localization is
also sustained. Finally, in stage XI, the spermatid head forms a distinct protrusion with a sharp angle,
and its nucleus becomes thinner, more elongated and stains more intensely, indicating chromatin
condensation. During this stage (Figure 1h), LAP1 distributes homogeneously in the cytoplasm
of elongating spermatids, and although being circumscribed to one half of the NE, its perinuclear
presence decreases drastically. In stage XII (Figure 1i), wherein spermatid elongation continues, LAP1
staining patterns that are observed in previous stages become somewhat diffuse both in the NE and
cytoplasm. Overall, in mouse spermatogenesis, LAP1 presents a peculiar subcellular distribution in
elongating spermatids from stage VIII onwards (Figure 1b–i). On the one hand, LAP1 is located in
one half of the NE, concentrating in the centriolar pole of the spermatid nuclei as nuclear reshaping
ensues, which is associated with the development of the manchette. Concomitantly, LAP1 staining
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appears homogeneously distributed in the elongating cytoplasm, before it becomes progressively
poorly detectable in fully-differentiated mature spermatids (stage VI–VII; Figure 1c).
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Figure 1. Immunohistochemical localization and expression of LAP1 in mouse testis sections fixed in 
diluted Bouin’s solution. Positive immunostaining appears in brown color and nucleus 
counterstaining with hematoxylin. (a) Negative controls with rabbit IgG showed LAP1 staining only 
in the interstitial tissue. (b) All epithelial stages were examined, of which stages I, VI, VIII and X 
(stages are indicated with Roman numerals) are depicted. LAP1 is present in the nuclear envelope 
(NE) of peritubular (asterisk), Leydig (arrow), and Sertoli (arrowhead) cells. LAP1 polarizes at one 
half of the NE in round spermatids (R) during stage VIII, then presents high positive staining in the 
cytoplasm of stage X elongating spermatids (E), which later show decreased cytoplasmic LAP1 
staining in stage I. At the final stage of spermatogenesis, stage VI fully-elongated spermatids (E) 
apparently do not stain for LAP1. (c) During stages VI–VII, LAP1 is concentrated in the NE and less 
prominently in the cytoplasm of round spermatids (R). (d) In stage VIII, LAP1 signal polarizes at one 
half of the NE of round spermatids (R), with some cytoplasmic LAP1 staining being also observed. 
Figure 1. Immunohistochemical localization and expression of LAP1 in mouse testis sections fixed in
diluted Bouin’s solution. Po tive immunostaining app rs in brown color and ucleus counterstaining
with hematoxylin. (a) Negative controls with rabbit IgG showed LAP1 staining only in the interstitial
tissue. (b) All epithelial stages were examined, of which stages I, VI, VIII and X (stages are indicated
with Roman numerals) are d picted. LAP1 is present in the nucle r envelope (NE) of peritubular
(asterisk), Leydig (arrow), and Sertoli (arrowhead) cells. LAP1 polarizes at one half of the NE in round
spermatids (R) during stage VIII, then presents high positive staining in the cytoplasm of stage X
elongating spermatids (E), which later show decreased cytoplasmic LAP1 staining in stage I. At the
final stage of spermatogenesis, stage VI fully-elongated spermatids (E) apparently do not stain for LAP1.
(c) During stages VI–VII, LAP1 is concentrated in the NE and less prominently in the cytoplasm of round
spermatids (R). (d) In stage VIII, LAP1 signal polarizes at one half of the NE of round spermatids (R),
with some cytoplasmic LAP1 staining being also observed. (e) Early and (f) late stage IX elongating
spermatids (E) start displaying a shift in the nuclear direction towards the tubule lumen; simultaneously,
LAP1 expression accentuates in one half of the NE and spreads to the cytoplasm. (g) In stage X, LAP1 still
concentrates in one half of the NE of elongating spermatids (E), and its cytoplasmic presence is sustained.
LAP1 staining is also observed in the NE of peritubular cells (asterisk). (h) Stage XI elongating spermatids
(E) show a homogeneous distribution of LAP1 in the cytoplasm, contrasting with a decrease in the NE
when compared to the previous stages. Sertoli (arrowhead) and Leydig (arrow) cells are also stained
for LAP1. (i) In stage XII seminiferous tubules, with representative meiotic cells (M), LAP1 is located in
the cytoplasm of elongated spermatids (E), although with less intense staining than in the prior stages.
Sertoli cells (arrowhead) present LAP1 staining in the NE. (j) Expression of several LAP1 isoforms in
mouse testis obtained by WB analysis. Essentially, two major bands are detected as previously described
in [36]. One of the bands is below 75 kDa and presumably corresponds to both LAP1A and LAP1B, and
the other one is above 50 kDa and corresponds to LAP1C; molecular masses in kDa are indicated on the
left. LAP1: lamina-associated polypeptide 1; NE: nuclear envelope; WB: Western blot.
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Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) followed by
immunoblotting analysis was performed to further characterize the presence of LAP1 in mouse
testis. The results (Figure 1j) show the expression of multiple immunoreactive bands corresponding to
mouse LAP1 isoforms previously described for several mouse cell lines and tissues [36–38]. One of the
bands is below 75 kDa and presumably corresponds to both LAP1A and LAP1B, and the other band is
above 50 kDa and corresponds to LAP1C. Interestingly, various lower intensity bands with molecular
weights inferior to 50 kDa are also observed.
IHC analyses for LAP1 distribution throughout mouse spermatogenesis were performed in testis
fixed in diluted Bouin’s solution (Figure 1). Despite the fact that this fixation method leads to better
conserved tissue morphology [39], fixation with 4% paraformaldehyde (PFA) delivered enhanced
staining in the case of LAP1 analysis in human testis (Figure 2). Negative controls (Figure 2a) showed
no staining when compared to tissue sections incubated with the specific LAP1 antibody. Overall,
LAP1 presence was observed in the NE of somatic cells, namely peritubular, Leydig and Sertoli cells
(Figure 2b). Additionally, germ cell distribution of LAP1 in the NE is restricted to spermatogonia and
spermatocytes (Figure 2b,c, respectively), which is different from that observed in mouse sections
wherein LAP1 staining is found in one half of the NE during the spermatid elongation process.
In addition, LAP1 also presents a dotted feature in the cytoplasm of spermatocytes, juxtaposed with
the nucleus (Figure 2c), which is unexpected for this membrane-integrating protein. Nevertheless, with
the progression of the differentiation process, LAP1 appears exclusively distributed in the centriolar
pole of elongating spermatids (Figure 2d) until the formation of elongated mature spermatids, wherein
chromatin condensation is clearly evident given the darker staining with hematoxylin (Figure 2b).
Assessment of LAP1 cellular and subcellular distribution in human spermatids allowed us to conclude
that it has an expression pattern quite similar to that found for mouse spermatids. This INM protein
rests in the NE of somatic and pre-meiotic germ cells, but its localization shifts with the beginning of
spermiogenesis. Indeed, during spermatid elongation (Figure 2d), LAP1 concentrates at the centriolar
pole lasting up until the formation of fully-mature spermatids (Figure 2b), after nuclear reshaping and
chromatin condensation.
2.2. LAP1 as a New Player in Manchette Development
LAP1 localization was profiled during spermiogenesis, in particular upon manchette formation.
Double immunofluorescence staining for LAP1 and acetylated α-tubulin, a characteristic structural
element of the manchette in spermatids [40,41], was performed in mouse testis (Figure 3e–t). As the
negative control showed no specific staining inside the seminiferous tubules in either of the IgG
conditions (Figure 3a–d), it is reasonable to assume that the staining present in the following IHC
analyses is specific (Figure 3e–t). Overall examination of mouse seminiferous tubules revealed
varying LAP1 staining throughout spermiogenesis, which is consistent with the IHC results previously
presented (Figure 1). Once the manchette develops (Figure 3f,j), LAP1 aligns with acetylated α-tubulin
in the NE (Figure 3g,h,k,l), coinciding with the beginning of spermatid elongation. By inspecting this
region in detail, it is visible that, regardless of sharing exceedingly similar localization patterns, these
proteins do not colocalize perfectly (Figure 3l, ROI). In fact, it seems that LAP1 is concentrated in the
INM of the NE, surrounded externally by acetylated α-tubulin on the cytosolic side. Further along the
elongation process (Figure 3m–p), LAP1 appears homogeneously distributed in the cytoplasm between
the nucleus and the axoneme as spermiogenesis proceeds, while acetylated α-tubulin relocates to the
axoneme. Upon spermatid maturation (Figure 3q–t), LAP1 concentrates along the midpiece of already
elongated spermatids, while acetylated α-tubulin remains located in the flagellar axoneme.
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Figure 2. Immunohistochemical localization of LAP1 in human testis sections fixed in 4% PFA. 
Positive immunostaining appears in brown color and nucleus counterstaining with hematoxylin.  
(a) Negative controls with rabbit IgG showed no LAP1 staining. (b) LAP1 is present in the NE of 
peritubular (arrow), Leydig (dotted arrow) and Sertoli (arrowhead) cells, as well as spermatogonia 
(double arrowhead). Additionally, LAP1 is found in mature spermatids at the centriolar pole (ROIs, 
scale bar: 8 μm). (c) LAP1 staining is also evident in the NE of spermatocytes and in a dot juxtaposed 
with the nucleus (arrows). (d) LAP1 polarizes at the centriolar pole of elongating spermatids (E), 
which is concomitant with nuclear reshaping and chromatin condensation. LAP1: lamina-associated 
polypeptide 1; PFA: paraformaldehyde; NE: nuclear envelope; ROI: region of interest. 
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2. Immunohistochemical localization of LAP1 in human testis sections fixed in 4% PFA. Positive
immunostaining appears in brown color and nucleus cou terstaining with hematoxylin. (a) Negative
controls with rabbit IgG showed no LAP1 staining. (b) LAP1 is present in the NE of peritubular (arrow),
L ydig (dotted arrow) and Sertoli (ar owhe d) cells, as well as spermatogonia (double arrowhead).
Additionally, LAP1 is found in mature spermatids at the centriolar pole (ROIs, scale bar: 8 µm).
(c) LAP1 staining is also evide t in the NE of spermatocytes and in a d t juxtaposed with the nucleus
(arrows). (d) LAP1 polarizes at the centriolar pole of elongating spermatids (E), which is concomitant
ith nuclear reshaping and chromatin condensation. LAP1: lamina-associated polypeptide 1; PFA:
paraformaldehyde; NE: nuclear envelope; ROI: region of interest.Membranes 2017, 7, 22 
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Figure 3. Double immunofluorescence of LAP1 and acetylated α-tubulin in mouse testis sections fixed 
in diluted Bouin’s solution. DAPI appears in blue, IgG mouse and acetylated α-tubulin in green, IgG 
rabbit and LAP1 in red. (a–d) Negative controls with mouse and rabbit IgGs showed some staining 
in the interstitial tissue through stages VIII–IX. (e–l) LAP1 polarizes at the NE with acetylated  
α-tubulin (ROI) at the beginning of spermatid elongation, during stages VIII–IX. (m–p) As elongation 
proceeds in stages IX–X, LAP1 appears homogeneously distributed in the cytoplasm of elongating 
spermatids ((o), arrow), while acetylated α-tubulin relocates to the axoneme ((n), arrowhead).  
(q–t) Upon spermatid maturation in stages VII–VIII, LAP1 concentrates along the midpiece of already 
elongated spermatids ((s), arrow), and acetylated α-tubulin remains in the flagellar axoneme ((r), 
arrowhead). LAP1: lamina-associated polypeptide 1; NE: nuclear envelope; ROI: region of interest. 
Figure 3. Cont.
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Figure 3. Double immunofluorescence of LAP1 and acetylated α-tubulin in mouse testis sections fixed
in diluted Bouin’s solution. DAPI appears in blue, IgG mouse and acetylated α-tubulin in green, IgG
rabbit and LAP1 in red. (a–d) Negative controls with mouse and rabbit IgGs showed some staining in
the interstitial tissue through stages VIII–IX. (e–l) LAP1 polarizes at the NE with acetylated α-tubulin
(ROI) at the begi nin of spermatid elongation, during stages VIII–IX. (m–p) A el ngation proceeds
in stage IX–X, LAP1 appears homogeneously distribut d in the cytoplasm of elongating spermatids
((o), arrow), while acetylated α-tubulin relocates to the axoneme ((n), arrowhead). (q–t) Upon
spermatid maturation in stages VII–VIII, LAP1 concentrates along the midpiece of already elongated
spermatids ((s), arrow), and acetylated α-tubulin remains in the flagellar axoneme ((r), arrowhead).
LAP1: lamina-associated polypeptide 1; NE: nuclear envelope; ROI: region of interest.
2.3. PP1γ2 Shares Similar Subcellular Distribution with LAP1 in the Testis
The cellular and subcellular localization of PP1γ2, the testis-enriched and sperm-specific PP1
isoform, was investigated during the different stages of spermatogenesis in both mouse (Figure 4a–f)
and human (Figure 4g–i) testicular cells. In mouse, IHC analysis of PP1γ2 distribution throughout
spermiogenesis revealed a stage-specific pattern that resembles the one found for LAP1. Accordingly,
the PP1γ2 signal is quite noticeable in the nucleus and cytoplasm of stage VIII round spermatids
(Figure 4b), as is the case of LAP1. As cellular elongation proceeds in stage IX, PP1γ2 is distributed in
the centriolar pole, in one half of the nucleus, and widely in the cytoplasm (Figure 4c), concomitant with
LAP1 staining. Later in stage X, spermatids present nuclear reshaping and cytoplasm elongation, with
PP1γ2 immunostaining being found in the nucleus and cytoplasm (Figure 4d), again similar to LAP1
localization. After complete narrowing of the nucleus into a needle-like shape, PP1γ2 is located only in
the extended cytoplasm of stage XI (Figure 4e) and stage XII (Figure 4a) spermatids, a distribution that
is preserved in fully-elongated spermatids in stage I (Figure 4f), identical to the case of LAP1. Therefore,
the cellular and subcellular localization patterns of PP1γ2 and LAP1 show extraordinary similarities
during the various spermiogenic stages. Overall, throughout the cycle of spermatogenesis in mouse
testis, PP1γ2 is present in the nucleus and cytoplasm of spermatocytes before meiosis (Figure 4d–e),
but then distributes all over the cytoplasm in meiotic germ cells (Figure 4a), after which it returns
to be located in both the nucleus and cytoplasm of round spermatids (Figure 4b,f). Lastly and most
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prominently, PP1γ2 becomes dispersed in the cytoplasm of elongating spermatids (Figure 4a,e), until
excision of residual bodies of elongated mature spermatids, where PP1γ2 is concentrated at the end
of spermiogenesis (Figure 4b). Despite being thoroughly described in mouse testis, the differential
localization of PP1 isoforms in human spermatogenesis has not been investigated by IHC. In this study,
IHC analysis of PP1γ2 cellular and subcellular distribution in human testicular cells (Figure 4i) revealed
that this phosphatase concentrates in the nucleus and cytoplasm of pachytene spermatocytes prior to
meiosis. Later on, during spermiogenesis, PP1γ2 staining shifts from the nucleus and cytoplasm of
round spermatids to the centriolar pole of elongating spermatids (Figure 4i, right ROI) and completely
elongated mature spermatids (Figure 4i, left ROI). The negative controls (Figure 4g,h) in mouse and
human tissue sections, respectively, reveal no unspecific PP1γ2 staining; hence, the corresponding
results (Figure 4) are considered specific.Membranes 2017, 7, 22 
9 
 
Figure 4. Immunohistochemical localization of PP1γ2 in mouse (a–f) and human (g–i) testis sections 
fixed in diluted Bouin’s solution. Positive immunostaining appears in brown color and nucleus 
counterstaining with hematoxylin. (a–f) Mouse spermatogenic stages wherein PP1γ2 expression is 
concomitant with LAP1 are depicted. (a) In stage XII seminiferous tubules (stages are indicated with 
Roman numerals), PP1γ2 concentrates in the cytoplasm of meiotic cells (arrow) and elongating 
spermatids. (b) Stage VIII round spermatids (R) present staining for PP1γ2 in both the nucleus and 
cytoplasm, whereas a high staining is visible in residual bodies of elongated mature spermatids.  
(c) High positive staining for PP1γ2 in the cytoplasm, centriolar pole and one half of the nucleus in 
stage IX elongating spermatids (E). (d) In stage X, in addition to PP1γ2 being found in the cytoplasm 
and nucleus of elongating spermatids (E), the same subcellular distribution is observed in 
spermatocytes (S). (e) Prior to meiosis, PP1γ2 distinctively stains the nucleus and cytoplasm of 
spermatocytes (S), but only the cytoplasm of stage XI elongating spermatids (E). (f) In stage I, round 
spermatids (R) show equal PP1γ2 staining in the nucleus and cytoplasm, while elongated spermatids 
(E) remain stained only in the cytoplasm. (g–i) PP1γ2 expression in human spermatogenic cells is 
depicted. (i) PP1γ2 concentrates in the nucleus and cytoplasm of pachytene spermatocytes (S), as well 
as round spermatids (R), progressively shifting to the centriolar pole of elongating spermatids (right 
ROI, scale bar: 8 μm) and elongated mature spermatids (left ROI, scale bar: 8 μm). (g,h) Negative 
controls showed no PP1γ2 staining. PP1: protein phosphatase 1. ROI: region of interest. 
2.4. LAP1 Chromatin Regulation through Lamin Interaction 
Although the presence and distribution of nuclear lamins in mouse and human testes has been 
previously investigated, it is not fully clarified. Overall, observations of lamin A/C staining in mouse 
Figure 4. Immunohistochemical localization of PP1γ2 in mouse (a–f) and human (g–i) testis sections
fixed in diluted Bouin’s solution. Positive immunostai ing appears in brown color and nucleus
counterstaining with hematoxylin. (a–f) Mouse spermatogenic stages wherein PP1γ2 expression
is concomitant with LAP1 are depicted. (a) In stage XII seminiferous tubules (stages are indicated
with Roman numer ls), PP1γ2 concentrates in the cytoplasm meiotic cells (arrow) and elongating
spermatids. (b) Stage VIII round spermatids (R) present staining for PP1γ2 in both the nucleus
and cytoplasm, wherea a high staining is visible in resid al bodie of elongated mature spermatids.
(c) High positive staining for PP1γ2 in the cytoplasm, centriolar pole and one half of the nucleus in stage
IX elongating sper atids (E). (d) In stage X, in addition to PP1γ2 being found in the cytoplasm and
nucleus of elongating spermatids (E), the sa e subcellular distrib tion is obs rved in spermatocytes
(S). (e) Prior to meiosis, PP1γ2 distinctively stains the nucleus and cytoplasm of spermatocytes (S), but
only the cytoplasm of stage XI elongating spermatids (E). (f) In stage I, round spermatids (R) show
equal PP1γ2 staining in the nucleus and cytoplasm, while elongated spermatids (E) remain stained
only in the cytoplasm. (g–i) PP1γ2 expressio in human spermatogenic cells is depicted. (i) PP1γ2
concentrates in the nucleus and cytoplasm of pachytene spermatocytes (S), as well as round spermatids
(R), progressively shifting to the centriolar pole of longating spermatids (right ROI, scal bar: 8 µm)
and elongated mature spermatids (left ROI, scale bar: 8 µm). (g,h) Negative controls showed no PP1γ2
staining. PP1: protein phosphatase 1. ROI: region of interest.
Membranes 2017, 7, 22 9 of 20
2.4. LAP1 Chromatin Regulation through Lamin Interaction
Although the presence and distribution of nuclear lamins in mouse and human testes has been
previously investigated, it is not fully clarified. Overall, observations of lamin A/C staining in mouse
seminiferous tubules identified no positive signal in spermatogonia, Sertoli cells or round spermatids
(Figure 5b). In contrast, lamin A/C is present in the NE of pachytene spermatocytes (Figure 5c) and
peritubular cells (Figure 5d). Ultimately, lamin A/C is most prominently expressed in the acrosome
of elongated mature spermatids (Figure 5b). The negative IgG control (Figure 5a) revealed some
unspecific staining in Leydig cells; thus, it is not possible to assess lamin A/C staining in these somatic
cells. In human seminiferous tubules, lamin A/C is located in the NE of peritubular, Leydig and
Sertoli cells (Figure 5f), as well as pachytene spermatocytes (Figure 5g). Of note, we report for the
first time a particular weak staining in the NE of round spermatids (Figure 5h). The negative controls
(Figure 5a,e) did not show unspecific lamin A/C staining, so that the corresponding results (Figure 5)
are deemed specific.
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Sertoli (arrowhead) cells, as well as (g) pachytene spermatocytes, (h) with a particular weak signal 
being found in round spermatids (scale bars: 8 μm). NE: nuclear envelope; ROI: region of interest. 
As regards lamin B1 cellular and subcellular localization during mouse spermatogenesis, a 
positive signal is generally detected in the NE of peritubular, Leydig and Sertoli cells, in addition to 
different pre- and post-meiotic germ cells, namely spermatogonia, pachytene spermatocytes and 
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meiotic cells (Figure 6b), whereas no staining was observed in spermiogenic cells following round 
spermatids. In human testis (Figure 6d–f), lamin B1 is clearly expressed in the NE of peritubular, 
Leydig and Sertoli cells, as well as spermatocytes (Figure 6d). Additionally, lamin B1 staining is 
present in the nucleus of round spermatids (Figure 6e) and in the centriolar pole of both elongating 
and elongated mature spermatids (Figure 6f). The negative controls (Figure 6a,c) revealed no 
unspecific lamin B1 staining; hence, the corresponding results (Figure 6) are considered specific. 
These findings are consistent with previous reports [26,33]. 
Figure 5. Immunohistochemical localization l /C in mouse (a–d) and human (e–h) testis
sections fixed in diluted Bouin’s solution. P i munosta ing appears in brown color and
nucleus co nterstaining with hematoxylin. (a,e) e ati e controls revealed weak lamin A/C staining
in the cytoplasm of interstitial tissue. (b) Mouse seminiferous tubule stained for lamin A/C shows
localization most evident in the acrosome of elongated mature spermatids (ROI, scale bar: 8 µm), as
well as (c) in the NE of pachytene spermatocytes and (d) peritubular cells (scale bars: 8 µm). (f) In
human testis, lamin A/C staining is observed in the NE of peritubular (asterisk), Leydig (arrow) and
Sertoli (arrowhead) cells, as well as (g) pachytene spermatocytes, (h) with a particular weak signal
being found in round spermatids (scale bars: 8 µm). NE: nuclear envelope; ROI: region of interest.
As regards lamin B1 cellular and subcellular localization during mouse spermatogenesis,
a positive signal is generally detected in the NE of peritubular, Leydig and Sertoli cells, in addition
to different pre- and post-meiotic germ cells, namely spermatogonia, pachytene spermatocytes and
round spermatids (Figure 6b). Interestingly, lamin B1 is dispersed throughout the cytoplasm of meiotic
cells (Figure 6b), whereas no staining was observed in spermiogenic cells following round spermatids.
In human testis (Figure 6d–f), lamin B1 is clearly expressed in the NE of peritubular, Leydig and Sertoli
cells, as well as sper atocytes (Figure 6d). Additionally, lamin B1 stainin is present in the nucleus
of ro d sperm tids (Figure 6e) and in the centriolar pole of both elongating a d elongat d mature
spermatids (Figure 6f). The negative controls (Figure a,c) revealed no unspecific lamin B1 staining;
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hence, the corresponding results (Figure 6) are considered specific. These findings are consistent with
previous reports [26,33].Membranes 2017, 7, 22 
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2.5. γ-Tubulin Localizes in the Centriolar Pole during Spermiogenesis 
The presence of γ-tubulin in rodents has been previously characterized and reported to be most 
prominent in spermatids as a marker of the centriolar pole [35,42–44]. In this study, the cellular and 
subcellular distribution of γ-tubulin in both mouse and human testes was analyzed and compared to 
the corresponding pattern obtained for LAP1. In mouse testicular tissue, γ-tubulin stains the 
cytoplasm of germ cells from initial phases of the spermatogenic cycle, including spermatogonia 
(Figure 7b) and pachytene spermatocytes (Figure 7b,d). However, from meiosis onwards, γ-tubulin 
accumulates in dots at the centriolar poles from round spermatids (Figure 7b) to fully-elongated 
Figure 6. Immunohistochemical localization of lamin B1 in mouse testis sections fixed in diluted Bouin’s
solution (a,b) and human testis sections fixed in 4% PFA (c–f). Positive immunostaining appears in
brown color and nucleus counterstaining with hematoxylin. (a,c) Negative controls showed lamin
B1 staining in the interstitial tissue. (b) In mouse testis, lamin B1 is present in the NE of peritubular
(arrowhead), Leydig (asterisk) and Sertoli (arrow) cells, spermatogonia, pachytene spermatocytes (P)
and round spermatids (R). Lamin B1 is also distributed in the cytoplasm of meiotic cells (M). (d) In
human seminiferous tubules, lamin B1 is clearly detected in the NE of peritubular (arrowhead), Leydig
(asterisk) and Sertoli (arrow) cells, in addi ion to spermatocytes (S). (e) In sperm ogenic cells, lamin B1
is found in he ucl us of round spermatids (R). Additionally, lamin B1 is located in the centriolar pole
of elongating and elongated mature spermatids (E). (f) ROI from Figure 6e. PFA: paraformaldehyde;
NE: nuclear envelope; ROI: region of interest.
2.5. γ-Tubulin Localizes in the Ce triolar Pole during S ermiogenesis
The presence of γ-tubulin in rodents has been previously characterized and reported to be most
prominent in s ermatids as a marker of the centriolar pole [35,42–44]. In this study, the cellular and
subcellular distribution of γ-tubulin n both m use and human testes was analyzed and c mpared to
the corresponding pattern obtained for LAP1. In mouse testicular tissue, γ-tubuli stains the cytoplasm
of germ cells from initial phases of the spermatogenic cycle, including spermatogonia (Figure 7b) and
pachytene spermatocytes (Figure 7b,d). However, from meiosis onwards, γ-tubulin accumulates in
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dots at the centriolar poles from round spermatids (Figure 7b) to fully-elongated mature spermatids
(Figure 7d–f). Additionally, in mitotic spermatogonia, two dots are observed at the centriolar regions
(Figure 7c). Throughout the human cycle of spermatogenesis, γ-tubulin staining is quite similar to
that described in mouse seminiferous tubules. In pre-meiotic germ cells, ranging from spermatogonia
to spermatocytes, γ-tubulin appears dispersed all over the cytoplasm (Figure 7i). Following meiosis,
γ-tubulin is concentrated in dots at the centriolar poles, while being also distributed homogenously in
the cytoplasm of round spermatids (Figure 7h). In completely elongated mature spermatids, γ-tubulin
concentrates in a dot at the centriolar pole (Figure 7i). Other than peritubular cells, no γ-tubulin signal
was detected in the negative controls for mouse and human tissue sections (Figure 7a,g, respectively);
therefore, the corresponding γ-tubulin staining results (Figure 7) are considered specific.
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3. Discussion 
Figure 7. Immunohistochemical localization of γ-tubulin in mouse testis sections fixed in diluted
Bouin’s solution (a–f) and human testis sections fixed in 4% PFA (g–i). Positive immunostaining
appears in brown color and nucleus counterstaining with hematoxylin. (a,g) Negative controls
showed γ-tubulin staining in the interstitial tissue. (b) In mouse seminiferous tubules, γ-tubulin
is present in the cytoplasm of pre-meiotic germ cells, namely spermatogonia (arrow) and pachytene
spermatocytes (P). From meiosis onwards, γ-tubulin concentrates in dots at the centriolar poles,
starting in round sper atids (R) (ROI, scale bar: 8 µ ). (c) Typically, sper atogonia undergoing
itosis also express γ-tubulin in centroso es (arro s). (d) γ-Tubulin concentrates in the cytoplas
of pachytene spermatocytes (P). (d,e) As spermatid elongation proceeds, the dot at the centriolar
pole remains in elongating spermatids (E). (f) Centriolar staining for γ-tubulin is observed until
maturation of elongated spermatids (ROI, scale bar: 8 µm). (h) In human testis, after meiosis, γ-tubulin
acc lates in ots at the centriolar oles an is also istrib te ho ogeno sly across the cyto las
f r s er atids (R). (i) In pre-meiotic germ cells, from spermatog nia (arrow) to spermatocytes (S),
γ-tubulin staining appears dispersed throughout the cytoplasm. In completely elongat d spermatids,
γ-tubulin (ROI, scale bar: 8 µm) still concentrates in a dot at the centriolar pole. PFA: paraformaldehyde.
ROI: region of int rest.
Membranes 2017, 7, 22 12 of 20
3. Discussion
For the first time, we describe the cellular and subcellular distribution pattern of LAP1 in the
seminiferous epithelium during the differentiation of germ cells into highly specialized sperm cells in
both mouse and human testes. The present work referring to mouse spermatogenesis demonstrates
a prominent LAP1 expression in the NE of round spermatids just before the initiation of spermatid
elongation. This expression pattern shifts to the centriolar pole during elongation, before LAP1
perinuclear staining becomes poorly detectable in fully-mature spermatids, which are then released
from the seminiferous epithelium into the tubular lumen. Despite being previously associated with
cell cycle progression, NE integrity, DYT1 dystonia and skeletal muscle maintenance [14–16,45], LAP1
functional characterization is still not fully elucidated. Interestingly, it was not possible to verify
the expected presence of LAP1 during meiosis, and rather surprisingly, LAP1 staining was mainly
detected throughout mouse spermiogenesis (Figure 1 and Table 1). The localization of LAP1 in the
NE of somatic cells, including peritubular, Sertoli and Leydig cells, seems to be in accordance with
the previously described roles of LAP1 in nuclear architecture maintenance [14]. In stage VIII, when
round spermatids begin the elongation process, LAP1 is highly expressed and, most importantly,
relocates to the centriolar pole of the NE. In addition, LAP1 appears dispersed in the cytoplasm of
round spermatids, which is quite unusual considering the typical localization of this INM protein in
the NE. In stage IX, nuclear reshaping and simultaneous redirection of round spermatids towards
the center of the seminiferous tubule lumen occur concomitantly with increasing LAP1 expression
in both the NE centriolar pole and cytoplasm. In stage XI, as chromatin compaction ceases, LAP1
is still circumscribed to one half of the NE, but its presence decreases drastically in comparison to
the previous stages. The distribution of LAP1 is partially analogous to that observed for other NE
proteins, namely LBR, LAP2, SUN domain-containing protein 1 (SUN1) and 3 (SUN3), lamins B1
and B3. In round and elongating spermatids, these proteins also shift to the NE centriolar pole, but
they remain only in the nuclear periphery [6,11,12,32]. As in the case of LAP1, the significance of the
redistribution of these NE proteins is presently unknown. However, alongside LAP1, NE proteins
might be involved in chromatin reorganization associated with spermiogenesis. Previous reports
extensively described that NE proteins, in particular lamins and its interactors, play an important role
in chromatin dynamics and function (reviewed in [46]). By moving to the posterior pole, chromatin
binding sites at the NE would contribute to the achievement of non-random, sperm-specific chromatin
distribution. In fact, LAP1 becomes progressively poorly detectable in the NE centriolar pole by the
end of the spermatid elongation process. According to the results herein reported, we propose that the
progressive disappearance of perinuclear LAP1 observed in fully-elongated mature spermatids may be
a consequence of the ending of the chromatin condensation process. From stage IX–XI, the homogenous
signal of cytoplasmic LAP1 also increases exponentially in elongating spermatids. The significance of
this quite unusual distribution of LAP1 is currently unknown. However, the widespread cytoplasmic
presence of LAP1 might be translated from its distribution in mitosis, wherein LAP1 is dispersed
throughout the cytoplasm in a punctuate pattern, colocalizing with α-tubulin in the mitotic spindle and
with γ-tubulin in centrosomes [15]. Importantly, not only is LAP1 crucial for centrosome positioning
near the NE, but also its depletion results in a decrease of mitotic cells and in the levels of acetylated
α-tubulin and lamin B1 [15]. This functional association might be reproduced during spermiogenesis,
as dynamic microtubules (MTs) are essential for the assembly of various MT-based structures that
participate in spermatid remodeling, such as manchette formation and nuclear reshaping [47]. In fact,
the data presented here show that LAP1 accompanies manchette formation, since it colocalizes with
α-acetylated tubulin during mouse spermiogenesis (Figure 3). Furthermore, LAP1 expression in the
NE of elongating spermatids, concentrating in their centriolar pole, correlates exactly with manchette
development. Taking these facts into account, it will be of interest to understand how LAP1 might
be regulating or communicating with these cytoskeletal elements and how it is connected to the
elongating spermatid nucleus. Therefore, our results not only suggest coherence between manchette
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formation and relocation of LAP1 to the NE centriolar pole, but also provide the first evidence for a
putative involvement of LAP1 in linking nuclear lamina to cytoskeletal elements.
Table 1. Cellular and subcellular localization of LAP1 and its interactors during the cycle of
spermatogenesis in mouse testis.
Cell Type Stage/Step LAP1 PP1γ2 Lamin A/C Lamin B1 γ-Tubulin
Spermatogonia – NE – – NE Cy
Spermatocytes All NE – – – –
Pachytene – Nu, Cy NE NE Cy
Round spermatids
Steps 1–5 Cy Nu, Cy – NE CP
Steps 6, 7 NE, Cy Nu, Cy – NE CP
Step 8 NE, CP, Cy Nu, Cy – NE CP
Elongating
spermatids
Step 9 CP, Cy CP, Nu, Cy – – CP
Step 10 CP, Cy Nu, Cy – – CP
Step 11 CP, Cy Cy – – CP
Steps 12, 13 CP, Cy Cy – – CP
Elongated mature
spermatids
Steps 14, 15 CP, Cy Cy Ac – CP
Step 16 – RB Ac – CP
Steps 1–16: 16 steps of spermiogenesis, including the Golgi (Steps 1–3), capping (Steps 4–7), acrosomal (Steps 8–13)
and maturation (Steps 14–16) phases. LAP1: lamina-associated polypeptide 1; PP1: protein phosphatase 1; NE:
nuclear envelope (wide distribution); Cy: cytoplasm (wide distribution); Nu: nucleus; CP: centriolar pole; Ac:
acrosome; RB: residual body.
Additionally, the data herein presented disclose the expression of LAP1 in mouse testis by
SDS-PAGE and immunoblotting analysis (Figure 1j). Interestingly, it was possible to observe the
presence of numerous LAP1 immunoreactive bands. In light of a recent study by Kuhn et al., it is
conceivable that these represent fragments originated from proteolytic cleavage of the LAP1 N-terminal
membrane anchor by signal peptide peptidase like 3 (SPPL3) [48]. In fact, this is most likely the case
for all of the multiple lower intensity bands with molecular weights under 50 kDa, but this should
be further investigated. The presence of LAP1 in human testis, by SDS-PAGE and immunoblotting
analyses, was previously characterized by our group [19].
In the present study, it was also demonstrated that LAP1 distribution in the human spermatogenic
cycle shares various similarities with that of mouse spermatogenesis (Figures 1 and 2; Tables 1 and 2).
This INM membrane protein rests in the NE of germ cells until meiotic division, but its localization
shifts throughout spermiogenesis. During spermatid elongation, LAP1 concentrates at the centriolar
pole, reinforcing the hypothesis that LAP1 might function as a cytoskeleton regulator of spermiogenesis
and that simultaneously it might be coordinating chromatin tethering and condensation. Interestingly,
there is a particular difference between the localization profile of LAP1 in mouse and human testes.
LAP1 presents a dotted distribution in the cytoplasm of human spermatocytes, which is quite novel
for this membrane integrating protein. The reasons behind this specific localization are still unknown,
but one might speculate that it is related with centrosome positioning.
Table 2. Cellular and subcellular localization of LAP1 and its interactors during the cycle of
spermatogenesis in human testis.
Cell Type Stage LAP1 PP1γ2 Lamin A/C Lamin B1 γ-Tubulin
Spermatogonia – NE – – – Cy
Spermatocytes All NE, CyN – – NE Cy
Pachytene – Nu, Cy NE – –
Round spermatids – CP, Cy Nu, Cy NE Nu CP, Cy
Elongating spermatids – CP CP – CP CP
Elongated mature spermatids – CP CP – CP CP
LAP1: lamina-associated polypeptide 1; PP1: protein phosphatase 1; NE: nuclear envelope (wide distribution);
Cy: cytoplasm (wide distribution); CyN: cytoplasm juxtaposed to the nucleus; Nu: nucleus; CP: centriolar pole.
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The distribution patterns of some LAP1-interacting proteins were also identified in both mouse
and human spermatogenesis, adding novel insights to their cellular and subcellular localization
throughout the spermatogenic cycle. During mouse and human spermiogenesis, PP1γ2 staining
shares an extraordinary similar pattern to that of LAP1, due to their homogenous distribution in the
cytoplasm at the posterior pole (Figure 4; Tables 1 and 2). These results complement and confirm
previous reports for PP1γ2 distribution in mouse [23], but reveal for the first time the expression pattern
of this protein in human spermatogenesis. When exploring the putative interaction between LAP1
and PP1γ2 in spermiogenesis, functional perspectives arise, as LAP1 has been previously identified
to be a PP1γ substrate [18,19]. Given that both proteins have important roles in mitosis regarding
MT dynamics [15,49], there is an additional putative significance of this association in the spermatid
elongation process.
There is increasing evidence that the nuclear lamina plays a crucial role in spermatid differentiation
during spermiogenesis. With this work, it was possible to add to and confirm previous reports for lamin
A/C distribution in mouse testis (Figure 5; Table 1) [28,29]. In fact, lamin A/C is most prominently
expressed in the NE of pachytene spermatocytes and the acrosome of elongated mature spermatids.
In human testis (Figure 5; Table 2), this lamin isoform seems to be present in the NE of pachytene
spermatocytes and, rather faintly, of round spermatids, adding new findings to previous studies [26,33].
Given the distribution pattern of lamin A/C, LAP1 does not seem to share the same expression profile
throughout spermatogenesis either in mouse or human testes. Concerning lamin B1, the present results
supplement the available literature for B-type lamins [27,28], finally defining lamin B1 distribution
throughout mouse spermatogenesis (Figure 6; Table 1) and its presence in the NE of peritubular, Leydig
and Sertoli cells. In pre-meiotic stages, lamin B1 localizes to the NE of spermatogonia and pachytene
spermatocytes, then it is dispersed in the cytoplasm of meiotic cells and finally returns to the NE
of round spermatids. In human testis (Figure 6; Table 2), our results first demonstrate the presence
of lamin B1 in the NE of spermatocytes and also confirm the results from previous studies [26],
wherein lamin B1 is clearly expressed in the nucleus of round spermatids. As elongation ensues,
lamin B1 concentrates in the posterior pole until the formation of fully-elongated mature spermatids.
Taken together, the present results indicate a correlation between the presence of nuclear lamina
and an increase in the morphologic flexibility of the nucleus, enabling intense nuclear remodeling
during spermiogenesis, either in the acrosome cap (lamin A/C) or at the centriolar pole (lamin B1).
Additionally, the presence of lamin B1 at the centriolar pole is quite similar to LAP1 distribution in the
NE, both in mouse and human spermiogenesis. Once again, these results reinforce the putative role of
LAP1 and lamins in the regulation of chromatin condensation and simultaneous nuclear reshaping
during the process of spermiogenesis.
The presence of γ-tubulin in rodent testis tissue has been previously characterized, being
most prominent in spermatids [35,42–44]. The work herein described shows that, throughout
spermatogenesis, γ-tubulin distribution is similar in mouse and human seminiferous tubules (Figure 7;
Tables 1 and 2). Interestingly, our results show that, in the initial phases of the spermatogenic cycle,
both spermatogonia and spermatocytes express homogeneously γ-tubulin in the cytoplasm. However,
from meiosis onwards, until spermatid maturation, γ-tubulin concentrates in dots at the centriolar
poles of spermiogenic cells. The comparative study of the expression profiles of LAP1 and γ-tubulin in
mouse and human spermatogenesis reveals an interesting association. The cytoplasmic distribution
of γ-tubulin in round and elongating spermatids coincides with LAP1 localization in the centriolar
pole. Additionally, in fully-elongated mature spermatids, the dotted pattern at the centriolar pole
is observed in both LAP1 and γ-tubulin staining in human testis (Figures 2b and 7i, respectively).
Further analysis of this association might clarify and reveal interesting functions for LAP1 regarding
MT-based structures and their organization. In fact, after the initiation of axoneme formation, flagella
development continues during the elongation phase of spermiogenesis. Thus, the cytoplasmic presence
of LAP1 in elongating spermatids might be related to the recently described association of LAP1 to the
centrosome-cilium network [50] and should be further investigated.
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4. Materials and Methods
4.1. Antibodies
Several primary antibodies were used to detect multiple proteins analyzed in the experimental
procedures, namely anti-LAP1, anti-lamin A/C, anti-lamin B1, anti-PP1γ2, anti-acetylated α-tubulin
and anti-γ-tubulin (Table 3). Additionally, as a negative control for IHC, isotype mouse and rabbit
IgGs (Vector Laboratories, Burlingame, CA, USA) were used instead of the primary antibody in
the corresponding concentrations. Specific secondary antibodies were used in accordance with the
particular technique performed, as described below. To visualize immunohistochemical preparations
with the colorimetric method, testis tissue sections were incubated with Powervision Poly-HRP
anti-Ms/Rb/Rt IgG (Leica Biosystems, Nussloch, Germany) or Powervision Poly-HRP anti-Ms IgG
(Leica Biosystems, Nussloch, Germany). In immunofluorescent colocalization assays, tissue sections
were incubated with Alexa Fluor 594 (goat anti-rabbit IgG; Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA) and Alexa Fluor 488 (goat anti-mouse IgG; Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA), both diluted 1:300. For immunoblotting, the IRDye 800CW anti-rabbit secondary
antibody was used, diluted 1:5000 (LI-COR Biosciences, Lincoln, NE, USA).
Table 3. Primary antibodies used to detect LAP1 and its interactors by immunohistochemical analysis,
immunofluorescent colocalization assays and immunoblotting.
Antibody Origin/Supplier AntibodyType Target
Dilution
IHC
Blocking
Solution
Anti-LAP1 Goodchild andDauer [45]
Rabbit
polyclonal LAP1 1:2000
5% BSA +
0.01% BSA-C
Anti-lamin
A/C
Cell Signaling
Technology #2023
(Beverly, MA, USA)
Rabbit
polyclonal Lamin A/C 1:50 3% BSA
Anti-lamin B1
(H-90)
Santa Cruz
Biotechnology sc-20682
(Dallas, TX, USA)
Rabbit
polyclonal Lamin B1 1:100 5% BSA
Anti-PP1γ2
(CBC502) Smith et al. [22]
Rabbit
polyclonal PP1γ2 1:500 3% BSA
Anti-acetylated
α-tubulin
Sigma T7451
(St. Louis, MO, USA)
Mouse
monoclonal
Acetylated
α-tubulin 1:250
5% BSA +
0.01% BSA-C
Anti-γ-tubulin
(GTU-88)
Sigma T5326
(St. Louis, MO, USA)
Mouse
monoclonal γ-Tubulin 1:2000
5% BSA +
0.01% BSA-C
LAP1: lamina-associated polypeptide 1; PP1: protein phosphatase 1; BSA: bovine serum albumin; BSA-C: acetylated
bovine serum albumin.
4.2. Animals
Adult male Balb/c mice (8 weeks old) testes were used for IHC analyses. The animals were used
and maintained according to regulations provided by the animal ethical committee of the Academic
Medical Center (Amsterdam, The Netherlands), which also approved the experiments. For Western blot
(WB) analyses, male adult C57BL/6 mice (8 weeks old) testis samples were obtained from the University
of Minho (Braga, Portugal). All experiments were conducted in accordance with the Portuguese
national authority for animal experimentation, Direcção Geral de Veterinária (ID: DGV9458), which
approved the experiment. Animals were kept in accordance with the guidelines for the care and
handling of laboratory animals in the Directive 2010/63/EU of the European Parliament and of the
Council [51].
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4.3. Patient Material
For IHC, testicular material was donated after informed consent by four patients undergoing
bilateral orchidectomy as part of prostate cancer treatment (Patients URO0179, URO0368, URO0059
and URO0126). According to Dutch law, approval of the ethics committee was not required because
anonymized tissue samples were used. None of the patients had previously received chemotherapy or
radiotherapy, and the morphology of the testes showed normal spermatogenesis in all cases. Testis
biopsies were fixed in 4% paraformaldehyde (PFA) or diluted Bouin’s solution and embedded in
paraffin. All of the biopsies and following procedures were performed according to regulations from
the Academic Medical Center (Amsterdam, The Netherlands).
4.4. Tissue Preparation for IHC
Tissue samples from both human and mouse were previously fixed in diluted Bouin’s solution
or 4% PFA and paraffin embedded. The two fixatives were used in order to optimize the staining
process for each of the primary antibodies used in IHC. The sections were cut in the microtome
(thickness of 5 µm per slice) and placed in a water bath (37 ◦C). Tissue sections were set into adhesive
microscope slides (KP-Silan adhesive slides grounded-90; Klinipath BV). Slides were then placed on
the heating plate at 42 ◦C to stretch the tissue homogeneously and incubated overnight at 37 ◦C to dry
the tissue completely.
4.5. Histological Staining
Tissue sections were deparaffinized, and antigen retrieval was performed in 10 mM sodium
citrate, pH 6.0, with microwave oven irradiation for 2 min at maximum Watt, followed by heating
for 10 min at minimum Watt, without boiling. As this procedure depends on the specific protein
that is being analyzed, all of the primary antibodies were tested in three conditions: no antigen
retrieval, one-time antigen retrieval or three-time antigen retrieval. Endogenous peroxidase was
blocked with 0.3% H2O2/PBS. Nonspecific adhesion sites were blocked for 1 h at room temperature,
in a humidified chamber. The blocking solutions for each antibody were optimized (Table 3). Sections
were subsequently incubated with the primary antibodies (Table 3) or with IgGs as negative controls,
for 2 h at room temperature.
To visualize immunohistochemical preparations with the colorimetric method, tissue sections
were incubated with the respective Poly-HRP secondary antibodies, and the signal was developed with
Bright-DAB (Immunologic, Duiven, The Netherlands). Finally, tissue sections were counterstained
with freshly filtrated hematoxylin, dehydrated and mounted in Entellan. Slides were examined and
photographs were taken using an Olympus BX41 bright-field microscope with an Olympus DP20 color
camera (Olympus, Shinjuku, Tokyo, Japan).
In order to detect proteins by immunofluorescence, tissue sections were incubated with
the respective fluorescent secondary antibodies. Finally, the preparations were incubated with
VECTASHIELD® Mounting Media with DAPI (Vector Laboratories, Burlingame, CA, USA) and
visualized by confocal microscopy using the LSM 510-Meta confocal microscope (Zeiss, Oberkochen,
Germany) and a 100×/1.4 oil immersion objective. The argon laser lines of 405 nm, 488 nm and
a 561-nm DPSS laser were used. Microphotographs were acquired in a sole section in the Z-axis
(xy mode) and represent the mean of 16 scans [52].
4.6. Tissue Homogenization for WB Analysis
Mouse testes were removed surgically after the animals were transcardially perfused with 0.9%
saline solution. Lysis buffer (50 mM Tris-HCl (pH 8.0), 120 mM NaCl, 4% w/v 3[(3-cholamidopropyl)
dimethylammonio]-propanesulfonic acid (CHAPS)) containing a protease inhibitor cocktail were
added to tissues, which were then homogenized in a variable speed motor drive homogenizer
(750–1000 rpm; Yellowline OST 20 Digital, IKA Labortechnik, Staufen, Germany) with a pestle tissue
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grinder. Subsequently, homogenized tissues were transferred to a sterile tube and centrifuged at
1000 relative centrifugal force (rcf) and 4 ◦C for 2 min. The supernatant was collected and sonicated on
ice for 10 s (0.5 cycles, 60% amplitude; Sonicator U200S control, IKA Laboratechnik, Staufen, Germany).
4.7. SDS-PAGE and Immunoblotting
Total protein concentration of tissue lysates was determined using the BCA Protein Assay kit
(Thermo Scientific Pierce, Thermo Fisher Scientific, Waltham, MA, USA). Samples were separated on
SDS-PAGE (5%–20% gradient gel) and electrophoretically transferred onto a nitrocellulose membrane
(0.2-µm pore size; Whatman®). Immunoblotting was performed by blocking the membranes in 5%
BSA in Tris-buffered saline containing 0.1% Tween-20 (TBS-T). Membranes were then incubated with
anti-LAP1 primary antibody in 3% BSA in TBS-T overnight, at 4 ◦C (Table 3). After washing in
TBS-T, membranes were incubated with IRDye 800CW anti-rabbit secondary antibody in 3% BSA in
TBS-T. Detection and image acquisition were achieved with the Odyssey Infrared Imaging system
(LI-COR Biosciences, Lincoln, NE, USA).
5. Conclusions
Throughout the years, researchers have established that the NE undergoes significant changes
in the course of spermiogenesis. Therefore, nuclear reshaping and condensation processes seem to
have a highly important role in the development of healthy sperm cells. This study contributes to the
identification of LAP1 as a putative functional player during this differentiation process. Initially, by
moving to the posterior pole, LAP1 can contribute to the achievement of non-random, sperm-specific
chromatin distribution, as well as modulate cellular reshaping features. Furthermore, this NE protein
might be associated with the dynamic MT-based morphologic changes associated with manchette
formation and flagellar development.
Acknowledgments: This work was financed by Institute for Biomedicine (Project UID/BIM/04501/2013), the
Fundação para a Ciência e Tecnologia of the Ministério da Educação e Ciência (Project PTDC/BEX-BCM/
0493/2012), the COMPETE program (Programa Operacional Factores de Competitividade), the QREN (Quadro de
Referência Estratégica Nacional) and the European Union (Fundo Europeu de Desenvolvimento Regional).
Filipa Martins was the recipient of an FCT fellowship. The authors would also like to thank William Dauer
(Columbia University, USA) for providing the anti-LAP1 antibody.
Author Contributions: Conceived of and designed the experiments: Joana B. Serrano, Ans M. M. van Pelt,
Sandra Rebelo, Odete A. B. da Cruz e Silva. Performed the experiments: Joana B. Serrano, Filipa Martins.
Analyzed the data: Joana B. Serrano, Filipa Martins, João C. Sousa, Cátia D. Pereira, Sandra Rebelo,
Ans M. M. van Pelt. Contributed reagents/materials/analysis tools: Sandra Rebelo, Odete A. B. da Cruz e Silva,
João C. Sousa, Ans M. M. van Pelt. Wrote the manuscript: Joana B. Serrano, Sandra Rebelo, Cátia D. Pereira,
Odete A. B. da Cruz e Silva, Ans M. M. van Pelt.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Guraya, S.S. Biology of Spermatogenesis and Spermatozoa in Mammals; Springer: Berlin/Heidelberg, Germany,
1987; Volume 20.
2. Hess, R.A.; de Franca, L.R. Spermatogenesis and Cycle of the Seminiferous Epithelium. In Molecular
Mechanisms in Spermatogenesis; Cheng, C.Y., Ed.; Landes Bioscience and Springer Science+Business Media:
Philadelphia, NY, USA, 2008; pp. 1–15.
3. Bellvé, A.R.; Cavicchia, J.C.; Millette, C.F.; O’Brien, D.A.; Bhatnagar, Y.M.; Dym, M. Spermatogenic cells of
the prepuberal mouse. Isolation and morphological characterization. J. Cell Biol. 1977, 74, 68–85. [CrossRef]
[PubMed]
4. Hermo, L.; Pelletier, R.M.; Cyr, D.G.; Smith, C.E. Surfing the wave, cycle, life history, and genes/
proteins expressed by testicular germ cells. Part 1: Background to spermatogenesis, spermatogonia,
and spermatocytes. Microsc. Res. Tech. 2010, 73, 241–278. [CrossRef] [PubMed]
Membranes 2017, 7, 22 18 of 20
5. Muciaccia, B.; Boitani, C.; Berloco, B.P.; Nudo, F.; Spadetta, G.; Stefanini, M.; de Rooij, D.G.; Vicini, E. Novel
Stage Classification of Human Spermatogenesis Based on Acrosome Development. Biol. Reprod. 2013, 89, 60.
[CrossRef] [PubMed]
6. Alsheimer, M.; Fecher, E.; Benavente, R. Nuclear envelope remodelling during rat spermiogenesis:
Distribution and expression pattern of LAP2/thymopoietins. J. Cell Sci. 1998, 2234, 2227–2234.
7. Alsheimer, M.; Von Glasenapp, E.; Hock, R.; Benavente, R. Architecture of the Nuclear Periphery of Rat
Pachytene Spermatocytes: Distribution of Nuclear Envelope Proteins in Relation to Synaptonemal Complex
Attachment Sites. Am. Soc. Cell Biol. 1999, 10, 1235–1245. [CrossRef]
8. Alsheimer, M.; Jahn, D.; Schramm, S.; Benavente, R. Nuclear Lamins in Mammalian Spermatogenesis.
In Epigenetics and Human Reproduction; Rousseaux, S., Khochbin, S., Eds.; Springer: Berlin/Heidelberg,
Germary, 2011; Volume 2148, pp. 279–288.
9. Dernburg, A.F. Pushing the (nuclear) envelope into meiosis. Genome Biol. 2013, 14. [CrossRef]
10. Link, J.; Leubner, M.; Schmitt, J.; Go, E.; Benavente, R.; Jeang, K.; Xu, R.; Alsheimer, M. Analysis of Meiosis in
SUN1 Deficient Mice Reveals a Distinct Role of SUN2 in Mammalian Meiotic LINC Complex Formation and
Function. PLoS Genet. 2014, 10, 14–21. [CrossRef] [PubMed]
11. Mylonis, I. Temporal Association of Protamine 1 with the Inner Nuclear Membrane Protein Lamin B Receptor
during Spermiogenesis. J. Biol. Chem. 2004, 279, 11626–11631. [CrossRef] [PubMed]
12. Göb, E.; Schmitt, J.; Benavente, R.; Alsheimer, M. Mammalian Sperm Head Formation Involves Different
Polarization of Two Novel LINC Complexes. PLoS ONE 2010, 5, e12072. [CrossRef] [PubMed]
13. Senior, A.; Gerace, L. Integral membrane proteins specific to the inner nuclear membrane and associated
with the nuclear lamina. J. Cell Biol. 1988, 107, 2029–2036. [CrossRef] [PubMed]
14. Foisner, R.; Gerace, L. Integral membrane proteins of the nuclear envelope interact with lamins and
chromosomes, and binding is modulated by mitotic phosphorylation. Cell 1993, 73, 1267–1279. [CrossRef]
15. Santos, M.; Costa, P.; Martins, F.; da Cruz e Silva, E.F.; da Cruz e Silva, O.A.B.; Rebelo, S. LAP1 is a crucial
protein for the maintenance of the nuclear envelope structure and cell cycle progression. Mol. Cell. Biochem.
2015, 399, 143–153. [CrossRef] [PubMed]
16. Rebelo, S.; da Cruz e Silva, E.F.; da Cruz e Silva, O.A.B. Genetic mutations strengthen functional association
of LAP1 with DYT1 dystonia and muscular dystrophy. Mutat. Res. Mutat. Res. 2015, 766, 42–47. [CrossRef]
[PubMed]
17. Serrano, J.; da Cruz e Silva, O.; Rebelo, S. Lamina Associated Polypeptide 1 (LAP1) Interactome and Its
Functional Features. Membranes 2016, 6, 8. [CrossRef] [PubMed]
18. Santos, M.; Rebelo, S.; van Kleeff, P.J.M.; Kim, C.E.; Dauer, W.T.; Fardilha, M.; da Cruz e Silva, O.A.;
da Cruz e Silva, E.F. The nuclear envelope protein, LAP1B, is a novel protein phosphatase 1 substrate. PLoS
ONE 2013, 8, e76788. [CrossRef] [PubMed]
19. Santos, M.; Domingues, S.C.; Costa, P.; Muller, T.; Galozzi, S.; Marcus, K.; da Cruz e Silva, E.F.;
da Cruz e Silva, O.A.; Rebelo, S. Identification of a Novel Human LAP1 Isoform That Is Regulated by
Protein Phosphorylation. PLoS ONE 2014, 9, e113732. [CrossRef] [PubMed]
20. Rebelo, S.; Santos, M.; Martins, F.; da Cruz e Silva, E.F.; da Cruz e Silva, O.A.B. Protein phosphatase 1 is a
key player in nuclear events. Cell. Signal. 2015, 27, 2589–2598. [CrossRef] [PubMed]
21. Kitagawa, Y.; Sasaki, K.; Shima, H.; Shibuya, M.; Sugimura, T.; Nagao, M. Protein phosphatases possibly
involved in rat spermatogenesis. Biochem. Biophys. Res. Commun. 1990, 171, 230–235. [CrossRef]
22. Smith, G.D.; Wolf, D.P.; Trautman, K.C.; da Cruz e Silva, E.F.; Greengard, P.; Vijayaraghavan, S. Primate
sperm contain protein phosphatase 1, a biochemical mediator of motility. Biol. Reprod. 1996, 54, 719–727.
[CrossRef] [PubMed]
23. Chakrabarti, R.; Kline, D.; Lu, J.; Orth, J.; Pilder, S.; Vijayaraghavan, S. Analysis of Ppp1cc-null mice suggests
a role for PP1gamma2 in sperm morphogenesis. Biol. Reprod. 2007, 76, 992–1001. [CrossRef] [PubMed]
24. Sinha, N.; Puri, P.; Nairn, A.C.; Vijayaraghavan, S. Selective ablation of Ppp1cc gene in testicular germ cells
causes oligo-teratozoospermia and infertility in mice. Biol. Reprod. 2013, 89, 128. [CrossRef] [PubMed]
25. Vester, B.; Smith, A.; Krohne, G.; Benavente, R. Presence of a nuclear lamina in pachytene spermatocytes of
the rat. J. Cell Sci. 1993, 104, 557–563. [PubMed]
26. Elkhatib, R.; Longepied, G.; Paci, M.; Achard, V.; Grillo, J.-M.; Levy, N.; Mitchell, M.J.; Metzler-Guillemain, C.
Nuclear envelope remodelling during human spermiogenesis involves somatic B-type lamins and a
spermatid-specific B3 lamin isoform. Mol. Hum. Reprod. 2015, 21, 225–236. [CrossRef] [PubMed]
Membranes 2017, 7, 22 19 of 20
27. Moss, S.B.; Burnham, B.L.; Bellvé, A.R. The differential expression of lamin epitopes during mouse
spermatogenesis. Mol. Reprod. Dev. 1993, 34, 164–174. [CrossRef] [PubMed]
28. Maul, G.G.; French, B.T.; Bechtol, K.B. Identification and redistribution of lamins during nuclear
differentiation in mouse spermatogenesis. Dev. Biol. 1986, 115, 68–77. [CrossRef]
29. Shen, J.; Chen, W.; Shao, B.; Qi, Y.; Xia, Z.; Wang, F.; Wang, L.; Guo, X.; Huang, X.; Sha, J. Lamin A/C proteins
in the spermatid acroplaxome are essential in mouse spermiogenesis. Reproduction 2014, 148, 479–487.
[CrossRef] [PubMed]
30. Alsheimer, M.; Benavente, R. Change of karyoskeleton during mammalian spermatogenesis: Expression
pattern of nuclear lamin C2 and its regulation. Exp. Cell Res. 1996, 228, 181–188. [CrossRef] [PubMed]
31. Link, J.; Jahn, D.; Schmitt, J.; Göb, E.; Baar, J.; Ortega, S.; Benavente, R.; Alsheimer, M. The meiotic nuclear
lamina regulates chromosome dynamics and promotes efficient homologous recombination in the mouse.
PLoS Genet. 2013, 9, e1003261. [CrossRef] [PubMed]
32. Schütz, W.; Alsheimer, M.; Ollinger, R.; Benavente, R. Nuclear envelope remodeling during mouse
spermiogenesis: Postmeiotic expression and redistribution of germline lamin B3. Exp. Cell Res. 2005,
307, 285–291. [CrossRef] [PubMed]
33. Machiels, B.M.; Ramaekers, F.C.; Kuijpers, H.J.; Groenewoud, J.S.; Oosterhuis, J.W.; Looijenga, L.H. Nuclear
lamin expression in normal testis and testicular germ cell tumours of adolescents and adults. J. Pathol. 1997,
182, 197–204. [CrossRef]
34. Neumann, B.; Walter, T.; Hériché, J.-K.; Bulkescher, J.; Erfle, H.; Conrad, C.; Rogers, P.; Poser, I.; Held, M.;
Liebel, U.; et al. Phenotypic profiling of the human genome by time-lapse microscopy reveals cell division
genes. Nature 2010, 464, 721–727. [CrossRef] [PubMed]
35. Fouquet, J.P.; Kann, M.L.; Combeau, C.; Melki, R. Gamma-tubulin during the differentiation of spermatozoa
in various mammals and man. Mol. Hum. Reprod. 1998, 4, 1122–1129. [CrossRef] [PubMed]
36. Shin, J.-Y.; Méndez-López, I.; Hong, M.; Wang, Y.; Tanji, K.; Wu, W.; Shugol, L.; Krauss, R.S.; Dauer, W.T.;
Worman, H.J. Lamina-associated polypeptide 1 is dispensable for embryonic myogenesis but required for
postnatal skeletal muscle growth. Hum. Mol. Genet. 2016, 26, 65–78. [CrossRef] [PubMed]
37. Martin, L.; Crimaudo, C.; Gerace, L. cDNA cloning and characterization of lamina-associated polypeptide 1C
(LAP1C), an integral protein of the inner nuclear membrane. J. Biol. Chem. 1995, 270, 8822–8828. [CrossRef]
[PubMed]
38. Kim, C.E.; Perez, A.; Perkins, G.; Ellisman, M.H.; Dauer, W.T. A molecular mechanism underlying the
neural-specific defect in torsinA mutant mice. Proc. Natl. Acad. Sci. USA 2010, 107, 9861–9866. [CrossRef]
[PubMed]
39. Tu, L.; Yu, L.; Zhang, H. Morphology of rat testis preserved in three different fixatives. J. Huazhong Univ. Sci.
Technol. Med. Sci. 2011, 31, 178–180. [CrossRef] [PubMed]
40. Mochida, K.; Tres, L.L.; Kierszenbaum, A.L. Structural and biochemical features of fractionated spermatid
manchettes and sperm axonemes of the Azh/Azh mutant mouse. Mol. Reprod. Dev. 1999, 52, 434–444.
[CrossRef]
41. Mochida, K.; Tres, L.L.; Kierszenbaum, A.L. Isolation of the rat spermatid manchette and its perinuclear ring.
Dev. Biol. 1998, 200, 46–56. [CrossRef] [PubMed]
42. Kallio, M.; Mustalahti, T.; Yen, T.J.; Lähdetie, J. Immunolocalization of alpha-tubulin, gamma-tubulin,
and CENP-E in male rat and male mouse meiotic divisions: Pathway of meiosis I spindle formation in
mammalian spermatocytes. Dev. Biol. 1998, 195, 29–37. [CrossRef] [PubMed]
43. Manandhar, G.; Sutovsky, P.; Joshi, H.C.; Stearns, T.; Schatten, G. Centrosome reduction during mouse
spermiogenesis. Dev. Biol. 1998, 203, 424–434. [CrossRef] [PubMed]
44. Fawcett, D.W.; Phillips, D.M. The fine structure and development of the neck region of the mammalian
spermatozoon. Anat. Rec. 1969, 165, 153–164. [CrossRef] [PubMed]
45. Goodchild, R.E.; Dauer, W.T. The AAA+ protein torsinA interacts with a conserved domain present in LAP1
and a novel ER protein. J. Cell Biol. 2005, 168, 855–862. [CrossRef] [PubMed]
46. Wilson, K.L.; Berk, J.M. The nuclear envelope at a glance. J. Cell Sci. 2010, 123, 1973–1978. [CrossRef]
[PubMed]
47. O’Donnell, L.; O’Bryan, M.K. Microtubules and spermatogenesis. Semin. Cell Dev. Biol. 2014, 30, 45–54.
[CrossRef] [PubMed]
Membranes 2017, 7, 22 20 of 20
48. Kuhn, P.-H.; Voss, M.; Haug-Kröper, M.; Schröder, B.; Schepers, U.; Bräse, S.; Haass, C.; Lichtenthaler, S.F.;
Fluhrer, R. Secretome Analysis Identifies Novel Signal Peptide Peptidase-Like 3 (SPPL3) Substrates and
Reveals a Role of SPPL3 in Multiple Golgi Glycosylation Pathways. Mol. Cell. Proteomics 2015, 14, 1584–1598.
[CrossRef] [PubMed]
49. Korrodi-Gregório, L.; Esteves, S.L.C.; Fardilha, M. Protein phosphatase 1 catalytic isoforms: Specificity
toward interacting proteins. Transl. Res. 2014, 164, 366–391. [CrossRef] [PubMed]
50. Gupta, G.D.; Coyaud, É.; Gonçalves, J.; Mojarad, B.A.; Liu, Y.; Wu, Q.; Gheiratmand, L.; Comartin, D.;
Tkach, J.M.; Cheung, S.W.T.; et al. A Dynamic Protein Interaction Landscape of the Human Centrosome-
Cilium Interface. Cell 2015, 163, 1483–1499. [CrossRef] [PubMed]
51. Directive 2010/63/EU—On the Protection of Animals Used for Scientific Purposes; European Parliament: Brussels,
Belgium, 2010; L276/33.
52. Rebelo, S.; Domingues, S.C.; Santos, M.; Fardilha, M.; Esteves, S.L.C.; Vieira, S.I.; Vintém, A.P.B.; Wu, W.;
da Cruz e Silva, E.F.; da Cruz e Silva, O.A.B. Identification of a novel complex AβPP:Fe65:PP1 that regulates
AβPP Thr668 phosphorylation levels. J. Alzheimer’s Dis. 2013, 35, 761–775.
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
